Objectives To investigate the therapeutic utility of an attenuated bacterium carrying a plasmid that co-expresses Endostatin, an inhibitor of tumor neovasculogenesis, and a shRNA that targets Stat3 to suppress prostate cancer growth. Methods Plasmid pEndo-Si-Stat3 was constructed and introduced into an attenuated strain of Salmonella enterica serovar typhimurium. The resultant recombinant bacterium was used as a vector to deliver the plasmid to tumor cells growing in vivo. Tumor-associated gene and protein expression changes were measured by using RT-PCR and Western blot analyses. Expression of Endostatin in tumor tissue was detected by ELISA. The presence of vector bacteria in tissues was monitored and tumor destruction was assessed by using TUNEL and H&E staining assays. Results Bacterially delivered pEndo-Si-Stat3 decreased Stat3 levels and increased Endostatin expression in mouse tumors, resulting in a significant suppression of tumor growth (P \ 0.01). Expression of Bcl-2 and PCNA was down-regulated and Caspase3 expression was up-regulated to promote apoptosis of tumor cells. Conclusions Successful delivery by attenuated Salmonella of the combination therapeutic plasmid simultaneously knocked down the expression of Stat3 and resulted in over-expression of Endostatin, which synergistically inhibited prostate cancer growth.
Introduction
Prostate cancer is the most common cancer among men (Kamangar 2012) . With the worldwide expansion of aging society, the incidence and mortality of prostate cancer are increasing, and better therapies are urgently needed. Following recent advances in cell and molecular biology, cancer gene therapy is poised to move forward with promising new targets.
RNA interference (RNAi), a mechanism by which double-stranded RNAs mediate sequence-specific gene silencing, has provided a new tool in the fight against cancer (Oshima et al. 2003) . Our previous studies demonstrated that delivery of therapeutic plasmids expressing specific antitumor siRNAs (targeting Stat3, MDM2, VEGF or survivin) and tumor suppressor proteins (e.g., GRIM-19 and p53) by attenuated Salmonella significantly reduces average tumor volume and exerts synergistic anti-tumor effects that are more effective than other delivery methods (Shao et al. 2010; Xu et al. 2009; Zhang et al. 2008 Zhang et al. , 2007 . Salmonella typhimurium specifically survive in macrophages that are involved in targeting tumor tissues. Furthermore, Salmonella are facultative anaerobes that grow in tumors, in which hypoxic microenvironments exist. As a model delivery system for mice, we have utilized the phoP/phoQ deletionattenuated S.typhimurium carrying a plasmid designed to synthesize siRNAs and tumor suppressor proteins under the control of eukaryotic gene promoters.
Stat3 is a member of the Signal Transducers and Activators of Transcription family of factors. Chronic activation of this pathway leads to abnormal cell proliferation and malignant transformation (Bromberg et al. 1999) . Hyperactive Stat3 promotes the expression of downstream targeted genes, such as VEGF, Cyclin D1, Cyclin D2, c-Myc, P53, Bcl-X L , Bcl-2, Mcl-1 and Survivin. Furthermore, this pathway has been identified as an effective molecular target for treatment for a variety of human tumors (Buettner et al. 2002; Nam et al. 2005) .
Angiogenesis is the growth of new capillaries from preexisting blood vessels, and it is a crucial step in tumor evolution (Beck et al. 2002) . Among many angiogenesis inhibitors that have been investigated and considered for potential cancer therapy, Endostatin is the most potent inhibitor of tumor growth in animals and in clinical trials (Ryan and Wilding 2000) . Endostatin specifically affects endothelial cells, especially microvascular endothelial cells (Huang et al. 2001; Shichiri and Hirata 2001) , and has been shown to inhibit angiogenesis in nasopharyngeal, cervical, colon, breast, liver and prostate cancer and other solid tumors Liu et al. 2007; Passey 2006) .
While gene therapy is a promising technology, its application is hampered by lack of site-specific delivery tools. We have constructed a bicistronic plasmid that allows the simultaneous expression of both Endostatin and a Stat3-specific siRNA. We report here the therapeutic utility of a bacterial vector (i.e., attenuated Salmonella) used to co-deliver pEndo-Si-Stat3 to prostate tumor-bearing mice to test its effects on tumor growth.
Materials and methods

Plasmid construction
The plasmid pEgc-ss Endostatin was provided by Dr. Li Xiujuan. The expression plasmid pH1-Si-Stat3 was constructed as described previously (Zhang et al. 2008) . To make the combined construct, the Endostatin-coding fragment from pEgc-ss Endostatin was removed following digestion with KpnI. The pH1-Si-Stat3 plasmid was digested with BglII and NruI to obtain the H1-Si-Stat3 fragment. The Endostatin and H1-Stat3 fragments were then ligated to pcDNA3.1 to construct the co-expression pEndo-Si-Stat3 plasmid. The expected DNA sequence was verified for the combination plasmid pEndo-Si-Stat3.
Bacteria and cell culture
The attenuated S. typhimurium phoP/phoQ null strain LH430 was kindly provided by Hohmann et al.(1996) . The RM-1 mouse prostate cancer cell line was obtained from the Shanghai Institute of Cellular Research, China. These cells were grown in 1,640 medium (Hyclone, Logan, UT) with 10 % fetal bovine serum.
Establishment of the mouse tumor implantation model
Male C57BL/6 mice were purchased from the experimental animal center of Jilin University. The mice were inoculated subcutaneously with RM-1 prostate cancer cells (6 9 10 6 cells/150 ll) which were allowed to grow for 5 days. Tumors were removed and were cut into 1-mm 3 blocks and then implanted into the right flanks of C57BL/6 mice. After 5 days, the mice were randomly divided into 5 groups (n = 8). On day 12, following tumor implantation, each group of mice was injected intravenously with one of the indicated agents: (1) PBS (Mock), (2) attenuated Salmonella (5 9 10 7 cfu/100 ll) with either plasmid pSi-Scramble, or (3) pEndostatin, or (4) pSi-Stat3, or (5) pEndo-Si-Stat3. Tumor volume was measured every 4 days. On day 32, all mice were killed, and tumor tissues from each group were excised for follow-up experiments.
Semi-quantitative RT-PCR and Western blot
The expression of Endostatin, Stat3 and Stat3-regulated target genes (Bcl-2 and VEGF) was quantified using semiquantitative reverse transcription PCR (RT-PCR). RNA (5 lg) was reverse-transcribed into cDNA. The indicated transcripts were PCR-amplified using gene-specific primers. Band intensities were quantified and normalized to those of GAPDH, an internal control for these experiments.
Proteins (30 lg) from the samples were used for Western blot analyses. The primary antibodies used for Western blotting were against Endostatin (Biosynthesis, Beijing), Stat3, p-Stat3, Bcl-2 (Boster, Wuhan) and VEGF (Santa Cruz Biotechnology, USA). The secondary antibodies were purchased from Santa Cruz Biotechnology (USA).
Immunohistochemistry
Immunohistochemistry was performed as described elsewhere (Zhang et al. 2007 ). Tissue sections were immunostained with Stat3, CD34, PCNA or Caspase3 antibodies (Santa Cruz Biotechnology Inc., Santa Cruz, CA). Diaminobenzidine (DAB) was used for color development. CD34 is indicated in brown and is expressed in the cytoplasm of vascular endothelial cells. The microvessel density (MVD) count method refers to the Weidner correction method (Weidner et al. 1992) . PCNA expression was assessed as a measure of the rate of cell proliferation. Positive or negative reactions were determined in five random fields of each sample with image processing software Image-Pro Plus 6.0.
TUNEL assay
The DeadEnd TM Fluorometric TUNEL System was used to measure the fragmented DNA of apoptotic cells. Apoptosis in tissues was detected by TUNEL assays following the manufacturer's instructions (Promega, USA). TUNELpositive cells were indicated by green fluorescence.
Statistical analyses
Origin 7.5 (OriginLab Corp., Northampton, MA) laboratory data analysis software and image processing software (Image-Pro Plus 6.0) were used to quantitate data. All data were expressed as mean ± SD. One-way analysis of variance was employed with SPSS version 13.0 software to determine the significance of differences across treatment groups, and P \ 0.05 was considered significant.
Results
Effects of the co-expression plasmid pEndo-Si-Stat3 on the expression of Stat3 and Endostatin in tumors
To determine the effects on tumor cells of the co-expression plasmid pEndo-Si-Stat3, semi-quantitative RT-PCR, Western blot assay and ELISA were used to analyze Stat3 and Endostatin expression in tumors. The Stat3 mRNA (Fig. 1a, b ) and protein levels (Fig. 1c, d ) decreased in the pSi-Stat3 and pEndo-Si-Stat3 groups compared to the Mock and pSi-Scramble groups. In contrast, the Endostatin mRNA (Fig. 1a, b ) and protein levels (Fig. 1c, d ) increased in the pEndostatin and pEndo-Si-Stat3 groups compared with the Mock and pSi-Scramble groups. Thus, simultaneous suppression of Stat3 and over-expression of Endostatin were achieved successfully. Delivery of pEndo-Si-Stat3 using attenuated Salmonella inhibits the growth of prostate tumors in mice
To test the anti-tumor efficacy of pEndo-Si-Stat3, a syngeneic murine prostate tumor RM-1 was established as described in ''Materials and methods'' section. On day 12, each group of tumor-bearing mice was injected intravenously with attenuated Salmonella carrying various plasmids expressing combinations of Endostatin and Si-Stat3. Tumor volume was monitored until day 32, when all mice were killed to collect tumor samples.
To determine whether the attenuated S. typhimurium delivered the treatment plasmids preferentially to tumor tissue, we monitored the kinetics of bacterial distribution in the tumor and other body tissues. On day 1, large numbers of attenuated Salmonella were found in tumor, liver and spleen tissues. Bacterial numbers remained significantly elevated in tumors, but declined in the liver and spleen by day 7. On day 14, bacterial accumulation was observed predominantly in tumor tissue and, to a far lesser extent, in the liver and spleen. Bacteria were not detected in other organs (data not shown).
Next, the potential therapeutic effect of bacteria carrying a plasmid expressing both Si-Stat3 and Endostatin on prostate tumor growth was examined in tumor-bearing mice. Tumor growth was monitored from the 4th day until the 32nd day after bacterial delivery of the treatment plasmids. Tumor size in the Mock or pSi-Scramble groups increased rapidly from days 4 to 16 and continued to increase from days 16 to 32 (Fig. 2b) . Tumors in the pEndo-Si-Stat3 group grew more slowly and were significantly smaller than those in either the pEndostatin or pSiStat3 groups. Tumors were removed for the analysis of Figure 2 shows that the individual tumors from the pEndo-Si-Stat3 group were significantly smaller than those from the pSi-Scramble group (P \ 0.01). Tumor weights were also significantly decreased in the pEndo-Si-Stat3, pSi-Stat3 or pEndostatin groups compared to the Mock or pSi-Scramble groups. To further quantitate the treatment-mediated change in tumor growth, we measured PCNA expression in the tumors. Compared to the control, PCNA expression in the pEndostatin, pSi-Stat3 and pEndo-Si-Stat3 groups was markedly decreased, with the largest change being observed in the pEndo-Si-Stat3 group. The proliferation index (PI) was 6.2 % ± 1.7 in the pEndo-Si-Stat3 group, which was significantly lower than in the Mock or pSi-Scramble groups (P \ 0.01, Fig. 2d, e) .
Inhibition of tumor angiogenesis as assessed by CD34 and VEGF expression in tumors
To determine whether the inhibition of tumor growth was accompanied by decreased tumor angiogenesis, tumor samples were analyzed by immunohistochemical analysis for CD34 and by RT-PCR and Western blot analyses for VEGF. When compared to the Mock or pSi-Scramble groups, the expression of CD34 in tumors was robustly suppressed in the pEndostatin, pSi-Stat3 and pEndo-Si-Stat3 groups, with lowest levels in the pEndo-Si-Stat3 group (Fig. 3a, b) . The levels of both VEGF mRNA (Fig. 3c, d ) and protein (Fig. 3e, f) were strongly suppressed in the pEndostatin, pSi-Stat3 and pEndo-Si-Stat3 treatment groups, compared to the Mock or pSi-Scramble groups.
Effects of the co-expression plasmid pEndo-Si-Stat3 on tumor cell death and the expression of Stat3 target genes Since suppression of growth signals is accompanied by activation of apoptosis, we analyzed apoptosis in these tumors by immunohistochemical staining for Caspase3 (4009) and by TUNEL staining (Fig. 4a) . Histological examination with H&E staining revealed a few focal areas of necrotic cells along with tissue disorganization in the pEndostatin, pSi-Stat3 and pEndo-Si-Stat3 treatment groups (Fig. 4a) . Expression of activated Caspase3 (Fig. 4a, b) was markedly elevated in tumors treated with pEndo, pSi-Stat3 or pEndo-Si-Stat3. TUNEL assays showed increased numbers of apoptotic cells in the pEndostatin, pSi-Stat3 and pEndo-Si-Stat3 groups when compared to the control groups, with the greatest increase occurring in the pEndo-Si-Stat3 group. Apoptosis was evidenced by sparsely dispersed chromatin and necrotic tissues (Fig. 4a) . The apoptosis index was highest in the pEndo-Si-Stat3 group (51.2 % ± 7.2), which was significantly higher than that in the control group (Fig. 4c) . pSiStat3 also markedly increased the apoptosis index.
Constitutively active Stat3 alters the expression of several genes involved in apoptosis, including CASP3 and BCL-2 (Real et al. 2002) . Therefore, we examined the expression of these genes in tumors treated with different plasmids. The expression of Bcl-2 (Fig. 4d-g ) mRNA and protein was examined by RT-PCR and Western blot analysis, respectively. We also observed that the expression of Caspase3 protein was greatly increased in tumors treated with plasmids containing Si-Stat3, versus the Mock or Scramble controls. In contrast, the expression of Bcl-2 protein was strongly diminished in tumors treated with pSiStat3 and pEndo-Si-Stat3.
Discussion
Our long-term goal is to develop tumor-specific therapies using a tumor-targeting bacterial vehicle. Our recent studies have shown that combination therapies with siRNAs that target pro-oncogenic factors, and co-expressed tumor suppressor proteins comprise highly effective treatment strategies. However, development of suitable drug delivery systems is an equally important aspect of cancer therapy (Shao et al. 2010; Xu et al. 2009; Zhang et al. 2007 Zhang et al. , 2008 . In this study, we constructed a plasmid containing both Stat3-shRNA and Endostatin cDNA (pEndo-Si-Stat3), and we used attenuated Salmonella to deliver the plasmid to an orthotopic model of prostate cancer (Fu et al. 1992; Hoffman 1999) . The switch to an angiogenic phenotype in a tissue is dependent on the local balance between angiogenic stimulatory factors and inhibitors (Rastinejad 1989) . Endostatin has been shown to be a better inhibitor of angiogenesis than Angiostatin (Chen et al. 1999) . There is evidence that Endostatin blocks the binding of VEGF (Kim et al. 2002) . Consistent with these observations, CD34 expression was decreased in tumor tissues expressing Endostatin, as demonstrated by immunohistochemistry (Fig. 3a, b) . CD34 is expressed on small vessel endothelial cells and tumors of epithelial origin (Fina et al. 1990 ). Intratumoral administration of naked plasmid DNA encoding mouse Endostatin has been shown to inhibit renal cell carcinoma growth (Zary and Zala 2001) , and liposomes complexed with plasmids that encode Endostatin have been shown to inhibit breast tumor growth in mice when injected directly into tumors (Sacco et al. 2001) . Adenovirus-mediated systemic gene transfer of Endostatin was found to cause a significant reduction in tumor growth and to inhibit micrometastases in a mouse model (Sauter et al. 2000) . Together, these studies indicate that targeting Endostatin directly in the tumor mass may cause tumor regression. However, these methods require direct intratumor instillation, tremendously limiting their practical utility in cancer therapy. In contrast, Salmonella-vectored therapies have been found to target tumor tissue preferentially.
Stat3 plays a key role in promoting prostate tumor proliferation in vitro and in vivo (Gao et al. 2005) . The level of PCNA reflects the rate of cell proliferation and DNA synthesis (Strzalka and Ziemienowicz 2011) . In the present study, immunohistochemical analyses showed that the control and pSi-Scramble groups expressed high levels of PCNA, which was robustly suppressed by pEndo-SiStat3 treatment (Fig. 2d, e) . pEndo-Si-Stat3-treated tumors also showed significant apoptosis (Fig. 4) . Stat3 activates several genes whose products promote cell cycle progression, for example CCND1 or MYC, and prevent apoptosis, for example BCL-2 (Gao et al. 2005) . We also showed that combined expression of Endostatin and Si-Stat3 resulted in enhanced down-regulation of Bcl-2 (Fig. 4d-g ). The silencing of Stat3 resulted in a down-regulation of both Bcl-2 mRNA and protein with a corresponding increase in cancer cell apoptosis. Silencing of Stat3 also decreased both VEGF expression and angiogenesis (Fig. 3c-f) . Thus, the anti-tumor effect of Endostatin is also mediated by the down-regulation of VEGF expression in tumor cells (Yang et al. 2011) . Taken together, these studies suggest that the anti-tumor effects of Endostatin and Si-Stat3 may be attributed to decreased proliferation of both endothelial and tumor cells.
Endostatin is a 20-kDa inhibitor of angiogenesis that has recently been shown to inhibit the expression of VEGF, an angiogenic growth factor that is up-regulated by hypoxia via the HIF-1 transcription factor complex Liu et al. 2007; Passey 2006) . Most human and rodent solid tumors have areas of hypoxia. Tumor hypoxia occurs because of the stochastic and slow development of the vasculature during tumor growth. The attenuated Salmonella phoP/phoQ strain has an excellent safety profile (Fields et al. 1986; Groisman et al. 1989; Miller et al. 1989; Thamm et al. 2005) , displays a propensity to target tumors (Clairmont et al. 2000) and, being a facultative anaerobe, grows under hypoxic conditions. In our recent report, a phoP/phoQ deletion mutant of S. typhimurium (Zhang et al. 2007 ) was employed as a carrier for siRNA or siRNA combined with a tumor suppressor for use in prostate cancer therapy. Regardless of the route of administration (i.e., oral, intravenous, intratumoral or intraperitoneal inoculation), Salmonella-delivered therapy resulted in significant anti-tumor effects with no evident toxicity in the mouse models (Kimura et al. 2010; Liu et al. 2010; Momiyama et al. 2012; Zhao et al. 2001 Zhao et al. , 2006 Zhao et al. , 2007 . Our previous experimental findings and those of other reports (Tian et al. 2012; Pawelek et al. 1997; Low et al. 1999) show that attenuated S. typhimurium can specifically home to tumor cells, possibly via tumor-associated macrophages. The Endostatin and Si-Stat3 combination therapy also activates anti-tumor immune responses . Interestingly, in the current study, combined treatment with Endostatin and siRNA specific to Stat3 also activated various immune cells and cytokines (data not shown). Infiltration of CD4? and CD8? T lymphocytes into tumors was increased after pEndo-Si-Stat3 treatment. The functions of NK cells and T lymphocytes were enhanced. The number of CD8? T lymphocytes was elevated, and the number of Treg cells was reduced. This combination therapy also increased the secretion of IFNc and TNFa (inflammatory cytokines) and decreased the secretion of TGFb1 (an immune-suppressing factor). Thus, the observed anti-tumor effects partially stem from essential changes in the anti-tumor immune response. Altogether, our data show that this combined therapy results in significant tumor regression and an improvement in animal survival.
In summary, a plasmid co-expressing both Si-Stat3 and Endostatin delivered via an attenuated Salmonella vector to prostate tumor cells causes more robust tumor suppression than observed with either individual treatment. This combined therapeutic approach results in a synergistic, multiarmed inhibition of tumor cell growth and provides a novel strategy to fight metastatic cancers, which are difficult to target and are resistant to most available therapies.
